Amorphous, pseudohexagonal and orthorhombic Nb 2 O 5 nanoparticles were synthesized using a facile and green sol-gel process followed by thermal treatment at 450°C, 600°C and 800°C for 3 h in air, respectively. The resulting materials have been subjected to a detailed experimental study and comparison of their 
Introduction
Electrochemical energy storage devices have attracted considerable attention in powering future advanced communication equipment, portable electronics, electric vehicles and smart grids. [1] [2] [3] For electric vehicles (EVs), the current commercial lithium-ion batteries (LIBs) commonly using graphite as the anode cannot meet the stringent requirements of high power density, because of poor rate performance and especially safety concerns. 4 Thus, developing advanced electrode materials, which possess better safety characteristics and high rates, becomes imperative. There are several promising candidates including silicon and tin-based compounds being actively studied as anodic materials for the next generation of batteries as they offer high lithium-ion storage capacities; [5] [6] [7] [8] however, they suffer from huge volume changes accompanied by lithium ion insertion and extraction. 9 Lithium titanate (Li 4 Ti 5 O 12 ) is another most noticeable anodic material under intensive study as it offers a high charge/discharge voltage of 1.55 V (vs. Li/Li + ) and very stable cyclic stability since there is a very small volume change during lithium ion insertion and extraction; however, its lithium ion storage capacity is 170 mA h g −1 theoretically. 10 Niobium pentoxide (Nb 2 O 5 ) is another anodic material which attracts a lot of attention lately, due to its unique fast ion diffusion property during lithium ion intercalation and extraction, and most research are based on pseudocapacitors. 11 It has been reported that the high rate is attributed to the fact that lithium ion insertion and extraction is rate-limited by the capacitive effect, not by lithium ion diffusion through the electrode. 12 Compared to commercial graphite anodes, Nb 2 O 5 exhibits a similar insertion/extraction voltage to Li 4 Ti 5 O 12 , which is higher than the 1 V voltage (vs. Li/Li + ) of SEI formation and suppresses lithium dendrite deposition on the surface of the anode. 13 In addition, Nb 2 O 5 has a good theoretical lithium-ion storage capacity of 200 mA h g −1 , 14 which leads to a higher energy density and makes it a good candidate for niche applications. Due to its attractive physical properties, Nb 2 O 5 has been extensively studied and applied in various technical applications such as electrochemical pseudocapacitors, 11, 12 gas sensors, 15 catalysts, 16 
Materials characterization
The crystalline structure of the particles obtained was characterized by X-ray diffraction (XRD, D8 Bruker X-ray diffractometer with Cu-Kα radiation (λ = 1.5418 Å)) within the range of 10-70°(2θ). X-ray photoelectron spectroscopy (XPS) analysis was performed using a VG Multilab 2000 with Al Kα as the X-ray source. The accelerating voltage and current were 40 kV and 40 mA, respectively. Scanning electron microscopy (SEM, JEOL, JSM-7000F) and transmission electron microscopy (TEM, FEI, Tecnai G2 F20) were used to examine the morphology and microstructure of the as-prepared samples. Thermogravimetric analysis (TGA) was performed on a TG instrument (NETZSCH STA 409C). Nitrogen adsorption-desorption isotherms were measured using a Quantachrome NOVA 4200e system. Samples were degassed at 250°C under vacuum overnight prior to measurements. The specific surface areas and micropore volumes were determined by multipoint Brunauer-Emmett-Teller (BET), t-method and BarrettJoyner-Halenda (BJH) desorption analyses, respectively.
Electrochemical property measurement
The electrochemical performance of the Nb 2 O 5 polymorphs was tested in coin-type cells, which were assembled using the as-prepared samples in an argon-filled glove-box (Innovative Technology, IL-2GB 
Results and discussion
When NbCl 5 was dissolved in absolute ethanol, the following reaction would occur, leading to the formation of niobium chloride ethoxide:
Continuous stirring would allow the partial removal of HCl through evaporation, promoting reaction (1) further, and also the absorption of H 2 O from air, resulting in partial hydrolysis:
When NH 4 OH was subsequently added, it reacted with HCl, increased the pH value, and promoted the hydrolysis and condensation reactions of niobium alkoxide as a catalyst, and the white precipitate of NbĲOH) 5 was subsequently obtained:
NH 4 Cl is a white precipitate in ethanol. 32 However, in the present work, no NH 4 Cl precipitate was observed, probably due to the low percentage of ethanol. Collectively, the purpose of adding NH 4 OH to the niobium oxide sol is to promote both the hydrolysis and condensation reactions, and it consequently resulted in a rapid nucleation process with a high density of nuclei of narrow size distribution. The addition of H 2 O 2 dissolved the precipitate and turned the colour from ivory to yellow; upon drying in an oven at 70°C, the release of the oxygen gas by-product benefits the nucleation process as well. The release and removal of oxygen gas bubbles from the sol helped homogenize the concentration and temperature of the sol so as to ensure a uniform size of the nanoparticles, and also prevented the possible formation of agglomerated nanoparticles. The SEM images shown in Through a thermal treatment process, different Nb 2 O 5 polymorphs were formed using the above-mentioned method. The crystalline structure and crystallinity of the as-prepared materials annealed at different temperatures were examined by XRD, and the results are displayed in Fig. 1 . The intensity and shape of the diffraction peaks vary greatly as the annealing temperature changes. The as-prepared Nb 2 O 5 xerogel was amorphous. At the annealing temperature of 450°C, the diffraction peaks are mild, and the pattern has a shape close to that of an amorphous crystal. This might be attributed to the fact that the particles could not change into crystals very well at this annealing temperature. When the annealing temperature is 600°C, pseudohexagonal crystals of In order to study the crystalline water loss and the crystal transition during the annealing process, TGA was carried out in flowing air from 30°C to 830°C with a heating rate of 10°C min −1 and the TGA curve of the pure Nb 2 O 5 xerogel is shown in Fig. 2 . From the TGA curve, we can see that the weight loss started with a mild curve from room temperature to around 90°C which is supposed to be the physically adsorbed water molecules. A large mass loss of about 20% from 90 to 300°C mainly involves fragments of organic molecules (C x H y ) and HCl, and it is attributed to the build-up of the inorganic amorphous network. 33 The lower mass loss of 2.2% at around 580°C accompanying the crystallization process is due to a transformation from an uncharacterized niobium pentoxide hydrate, also known as niobic acid or columbic acid (Nb 2 O 5 ·nH 2 O), gel to a Nb 2 O 5 crystal (pseudohexagonal). 31 From 600°C to 800°C, the weight loss is less than 0.5%, which means that although the morphology variation is significant and the crystal structure changes from pseudohexagonal to orthorhombic, the weight loss is inconspicuous. This result agrees well with the works published in the literature. 17, 24 In these works, no appreciable weight loss or crystallization peaks (from their differential thermal analysis results) were observed for the crystal structure change from pseudohexagonal to orthorhombic. XPS analyses were carried out in the region of 0-800 eV to elucidate the chemical composition. Fig. 3 shows the typical XPS spectra taken from the niobium and oxygen regions of TT-Nb 2 O 5 . The binding energy scales of the spectra were calibrated by assigning the most intense C 1s peak a binding energy of 284.8 eV. Fig. 3a reveals that the sample contains the Nb, O and C elements. In Fig. 3b, peaks. Among these peaks, the sharp one located at 529.6 eV and the low one located at 531.9 eV are assigned to O 2− in Nb-oxides and surface oxygen, respectively. 24 Another O 1s peak located at 530.7 eV could be the peak of C-O from some possible residual groups. SEM and TEM were carried out to investigate the microstructure and morphology of the as-synthesized samples. As shown in Fig. 4a , a-Nb 2 O 5 annealed at 450°C has smaller particle size, better dispersion and higher porosity. From Fig.  4b , it can be clearly seen that the particles are formed homogeneously after being annealed at 600°C for 3 h in air, and the TT-Nb 2 O 5 particles have a narrow size distribution at around 20 nm. When the powders were annealed at 800°C (Fig. 4c) , larger-sized T-Nb 2 O 5 particles of around 100 nm size were obtained. This means that the rise in temperature not only modified the crystalline phase but also increased the size. Fig. 4d presents the SEM image of the Nb 2 O 5 particles without addition of hydrogen peroxide and annealed at 600°C for 3 h in air. In this image, connections between particles can be found. By comparing Fig. 4b and d , it can be clearly seen that the particles in Fig. 4b have much better uniform dispersion, which also proved that the addition of H 2 O 2 can improve the dispersity of Nb 2 O 5 nanoparticles. The high-resolution TEM images provide more detailed structural information as seen in Fig. 5 . Compared to a-Nb 2 O 5 shown in Fig. 5a , the lattice fringes of the TT-Nb 2 O 5 and T-Nb 2 O 5 particles can be clearly observed in Fig. 5b and c, suggesting the presence of a well-defined crystal structure. The periodic lattice fringe spacings in Fig. 5b were found to be 0.32 and 0.25 nm corresponding to the interplanar spacings of the (100) and (101) planes, respectively, for pseudohexagonal Nb 2 O 5 (JCPDS: 28-317); in Fig. 5c , the periodic lattice fringe spacings were 0.38 and 0.31 nm which agreed well with the interplanar spacings of the (001) and (180) planes. These results further corroborate the findings from XRD. The presence of pores and the porous distribution of the Nb 2 O 5 polymorphs were confirmed by the corresponding nitrogen sorption isotherms and Barrett-Joyner-Halenda (BJH) desorption analyses which are shown in Fig. 6 . The results in Fig. 6a indicated that the pore size of a-Nb 2 O 5 centrally distributed at 3.5 nm which was the only mesopore distribution can be found, and the Brunauer-Emmett-Teller (BET)-derived surface area was determined to be 129.6 m 2 g −1 . Within the TT-Nb 2 O 5 sample, the majority of the pores are around 15 nm (Fig. 6b) (Fig. 7c) , the current response of the cathodic sweep increases greatly below 2.1 V (vs. Li/Li + ), and two obvious reduction reactions located at 1.72 and 1.54 V correspond to the valence variation during the intercalation process. On the reverse sweep, an ambiguous broad peak at 1.82 V reveals that the continuous variation from Nb 4+ back to Nb 5+ takes place during the redox process. 30 The cathodic and anodic peaks of TT-Nb 2 O 5 ( Fig. 7b) are broad and located at 1.5 V and 1.85 V, respectively. In contrast, the CV peaks of the a-Nb 2 O 5 material (Fig. 7a) are very obscure except for the first cycle which exhibits a small reduction peak at 2.0 V and a wide shift of the CV curve to the other cycles. capacity decrease. In contrast, the CV curves for crystalline Nb 2 O 5 ( Fig. 7b and c) are more reversible between the first two cycles. In addition, from Fig. 7a , a mild reduction peak located at 2.0 V revealed that an irreversible chemical reaction with Li could exist. 37 On the other hand, from the TGA analysis in Fig. 2 30 Such a high capacity might be the result of a high specific surface area and the nanosized crystallites. For the larger-sized T-Nb 2 O 5 , the reversible charge/discharge capacities in the present study are similar to the results reported in the literature. 27 From here, we see that the difference is probably because of the fact that the nanoscale TT-Nb 2 O 5 particles obtained by this sol-gel method can provide a larger surface area for Li + de/intercalation and thereby improve the capacity. 3 More capacities under different charge rates and stabilities are shown in Fig. 9 . The rate performance of the a-Nb 2 O 5 , TT-Nb 2 O 5 and T-Nb 2 O 5 samples at various charge-discharge rates is compared in Fig. 9 . The charge-discharge curves show that all these three Nb 2 O 5 polymorphs have very regular performance. No obvious fading can be found after 120 cycles. Among these samples, the TT-Nb 2 O 5 electrode shows the highest capacity at each current rate. The discharge capacities measured in the voltage window from 1.2 V to 3 V are 191, 164, 146, 130, 122 and 114 mA h g −1 at the current densities of 50, 100, 200, 300, 400 and 500 mA g −1 , respectively.
More importantly, when the current rate was reversed back to 100 mA g −1 after testing at the abovementioned different rates, the discharge capacity went back up to 172 mA h g −1 which is even higher than the initial discharge capacity at the same rate (164 mA h g −1 ). This implies that the decline in capacity at high rates is limited. After 120 charge-discharge cycles, the TT-Nb 2 O 5 electrode demonstrated a specific discharge capacity of 170 mA h g −1 at a current density of 100 mA g −1 , which is close to the capacity of the hightemperature phase, the pristine monoclinic phase, in a report. 27 Possessing relatively stable charge-discharge performance, the T-Nb 2 O 5 electrode showed much lower capacities than the TT-Nb 2 O 5 electrode at each current rate mentioned above, and its specific discharge capacity was stable at 110 mA h g −1 during 120 charge-discharge cycles. Apparent fading was observed during the first 20 cycles in the rate capability of the a-Nb 2 O 5 electrode. What's more, the a-Nb 2 O 5 electrode showed even lower capacities at different current rates; especially, when the current rate was 500 mA g −1 , the capacity fell to as low as 50 mA h g −1 . The intercalation reaction is sensitive to doping, preparation temperature and particle size which was also documented in TiO 2 as well as other systems. 42 It should be noted that research on other transition-metal oxides such as Fe 2 O 3 and MnO x showed that the amorphous phase possessed much enhanced performance compared to its crystalline counterpart. 37, 43 The reason for these results has been explained to be their unique structures which are beneficial for lithium ion storage. Upon comparing the CV curves between the amorphous and crystalline phases, only small changes could be found such as slight shifts of peak location, peak intensity or/and peak width. However, the main CV curves between the amorphous and crystalline samples are very similar, which implies that, for these two materials, there are no significant mechanism differences in the lithiation process caused by changing the crystalline material into an amorphous one. In contrast, our CV results reveal that there are either some mechanism changes in the lithiation process or some capacity deficiency because the CV curve of a-Nb 2 O 5 significantly changed with a lack of redox reaction peaks compared with that of crystalline Fig. S1 , ESI †) turned out to be in good agreement with those reported in the literature. 24 More specifically, the discharge-charge profiles showed a clear discharge plateau at a potential around 1.65 V, which is the same as that reported in the literature. 24 However, the CV curves were slightly different in appearance, which was likely due to the high scan rate used in the current study as compared with that in the literature (0. With the lowest R ct value, TT-Nb 2 O 5 demonstrates better electrical conductivity, which can be a reason for its higher capacity and cycling performance. The straight line in the low-frequency range stands for the Warburg impedance. 48 The diffusion coefficient of lithium ions, D Li , as one of the main kinetic factors in the rate-determining step of the intercalation process, can be calculated using several techniques, such as CV, EIS and the galvanostatic intermittent titration technique (GITT). These testing methods are based on their respective formula derived by using Fick's law and the Nernst equation. The differences mostly come from adopting different boundary conditions, initial conditions and numerical analysis methods. The CV technique can provide quantitative information on the electrode process, and the reversibility, stability and phase transformations during the intercalation and deintercalation reactions. The GITT is established to be a reliable technique for investigating the D Li with highly resolved data for intercalation compounds of varying lithium content or potential. EIS is also a powerful technique for calculating the D Li due to the fact that the low-frequency Warburg contribution of the impedance response is directly related to the lithium-ion diffusion process in an electrode material. 49 
where T is the absolute temperature, R is the gas constant, n is the number of electrons per molecule during oxidization, A is the surface area, F is Faraday's constant, C Li is the concentration of lithium ions, ω is the angular frequency, and σ is the Warburg factor, which has a relationship with Z′. The Z′-ω −0.5 plots are presented in Fig. 10b .
Based on the fitting linear equation in Fig. 10b In general, a larger surface area provides more reaction sites and shorter diffusion paths for ionic transport and electronic conduction, leading to a higher power density. 53 In this work, the crystallinity and crystal structure exhibit an obvious influence on the electrical conductivity as well as the ionic diffusivity. The surface area of a-Nb 2 O 5 is twice as large as that of TT-Nb 2 O 5 ; however, its resistance is lower than that of TT-Nb 2 O 5 . This means that during the process of crystal phase transition between the amorphous and TT phases, better crystallinity significantly reduced the value of resistance. In general, better crystallinity means more ordered arrangement of ions and fewer defects, which collectively offer more ordered passage for charge and mass transport, leading to fast diffusion and high conductivity (low resistance). During the transformation from the amorphous to TT phase, the crystals tend to be perfect. When the crystal phase transformed from the TT phase to the T phase, although the crystallinity improved to some extent, the particle size became larger, too. A larger particle size brings about long diffusion paths for ionic transport which can be a reason for high resistance. particles is around 20 nm, which is much smaller than that of T-Nb 2 O 5 which is around 100 nm. 
